An extracellular 45 kDa endochitosanase was puriˆed and characterized from the culture supernatant of Bacillus sp. P16. The puriˆed enzyme showed an optimum pH of 5.5 and optimum temperature of 609 C, and was stable between pH 4.5-10.0 and under 509 C. The K m and V max were measured with a chitosan of a D.A. of 20.2% as 0.52 mg W ml and 7.71×10 -6 mol W sec W mg protein, respectively. The enzyme did not degrade chitin, cellulose, or starch. The chitosanase digested partially N-acetylated chitosans, with maximum activity for 15-30% and lesser activity for 0-15% acetylated chitosan. The chitosanase rapidly reduced the viscosity of chitosan solutions at a very early stage of reaction, suggesting the endotype of cleavage in polymeric chitosan chains. The chitosanase hydrolyzed (GlcN) 7 in an endo-splitting manner producing a mixture of (GlcN) 2-5 . Time course studies showed a decrease in the rate of substrate degradation from (GlcN) 7 to (GlcN) 6 to (GlcN) 5 , as indicated by the apparentˆrst order rate constants, k 1 values, of 4.98×10 , and 9.3×10 -6 sec -1 , respectively. The enzyme hardly catalyzed degradation of chitooligomers smaller than the pentamer.
mol W sec W mg protein, respectively. The enzyme did not degrade chitin, cellulose, or starch. The chitosanase digested partially N-acetylated chitosans, with maximum activity for 15-30% and lesser activity for 0-15% acetylated chitosan. The chitosanase rapidly reduced the viscosity of chitosan solutions at a very early stage of reaction, suggesting the endotype of cleavage in polymeric chitosan chains. The chitosanase hydrolyzed (GlcN) 7 in an endo-splitting manner producing a mixture of (GlcN) [2] [3] [4] [5] . Time course studies showed a decrease in the rate of substrate degradation from (GlcN) 7 to (GlcN) 6 to (GlcN) 5 , as indicated by the apparentˆrst order rate constants, k 1 values, of 4.98×10 -4 , 2.3×10 -4 , and 9.3×10 -6 sec -1 , respectively. The enzyme hardly catalyzed degradation of chitooligomers smaller than the pentamer.
Key words: Bacillus sp. P16; chitosanase; chitooligosaccharides; chitosan Most chitosanases (EC 3.2.1.132) have been found in a variety of microorganims including bacteria, [1] [2] [3] [4] and fungi, [5] [6] [7] and a few in plants. 8, 9) The microbial chitosanases have received special attention because they are important in the maintenance of ecological balance, the recycling of chitinous biomaterials, the enzymatic preparation of biofunctional chitooligasaccharides, and the biological control of fungal plant pathogens. 10) Compared to the numerous reports on the primary structure and function of chitinases, 11) information on chitosanases is quite limited. The complete amino acid sequences have been reported for prokaryotic chitosanases from Bacillus circulans MH-K1, 12) Nocardioides sp. N106, 13) Streptomyces sp. N174, 14) and B. circulans WL-12, 15) and for fungus, one from Fusarium solani. 6) Among them, the former three chitosanases show structural similarity, but the one from F. solani does not. B. circulans WL-12 chitosanase has no similarity to the three and the fungal chitosanases. The ones of Streptomyces sp. N174 16) and B. circulans MH-K1 17) are the only chitosanases the tertiary structures of which have been analyzed. Recently, chitosanase genes have been cloned from Bacillus subtilis, 18) Bacillus ehimensis EAG1, 19) Bacillus strain CK4, 20) Burkholderia gladioli CHB101, 21) Amycolatopsis sp. CsO-2, 22) and Matsuebacter chitosanotabidus 3001. 23) These, except M. chitosanotabidus 3001, showed sequence similarities to the chitosanase from B. circulans MH-K1. But, little is known about how many diŠerent types of chitosanases exist in nature.
In this study, we puriˆed and characterized a 45 kDa chitosanase, a major and inducible enzyme, 2) from Bacillus sp. P16, which has shown a strong endochitosanolytic activity toward chitosan with a broad range of degree of acetylation (D.A.).
Materials and Methods
Bacterial strain and culture conditions for chitosanase production. The bacterial strain used for chitosanase production was Bacillus sp. P16, which was isolated from a coastal area of the south-western part of Korea.
2) The medium used throughout this study contained 0.5z chitosan, 1z tryptone, and 1z NaCl (pH 5.5).
2) Cells were grown at 379 C with shaking (180 rpm), and the culture supernatant was obtained after the cells were sedimented by centrifugation (10,000×g ). The culture supernatant was used for a chitosanase assay after dialysis against 50 mM sodium acetate buŠer (pH 5.5). Cell growth was measured by the turbidity at 660 nm.
Puriˆcation of chitosanase. The culture supernatant (300 ml) were dialyzed, centrifuged at 11,600 ×g for 10 min to remove insoluble material, and put on a DEAE-cellulose column (2.8×75 cm). The column was eluted with a step-wise gradient of 0, 0.05, 0.1, 0.2, 0.3, and 0.4 M NaCl (100 ml each) in a 50 mM sodium acetate buŠer (pH 5.5). Protein content was monitored by measuring the absorbance at 280 nm. The active fractions were pooled and concentrated by ultraˆltration (PM 10 membrane, Amicon), and then put on a CM-Sephadex column (2.2× 75 cm). Enzyme was eluted with the sodium acetate buŠer, and active fractions were pooled and again concentrated by ultraˆltration. The resulting preparation wasˆnally put on Sephacryl S-300 column (1.5 ×50 cm). Active fractions were pooled and considered as the puriˆed enzyme. All puriˆcation steps were done at 49 C.
Chitosanase assay. Unless indicated otherwise, chitosan with a D.A. of 15.4z was used as the substrate in a standard chitosanase assay.
2) Each reaction mixture contained 1 ml of 1.0z soluble chitosan, 1 ml of 100 mM sodium acetate buŠer (pH 5.5), and 100 ml of enzyme solution. After incubation at 379 C for 30 min, the reaction was stopped by addition of 200 ml of 1 M NaOH. The amounts of reducing sugars liberated during hydrolysis of chitosan were measured by a modiˆcation of Schale's method. 24) Glucosamine was used as the standard. One unit of activity was deˆned as the amount of enzyme which liberated 1 mmol of reducing sugar per min. A viscometric chitosanase assay was done by using a Brookeld synchrolectric viscometer (Model LVT, Spindle number 18). The reaction mixtures contained 7.8 ml of 1z soluble chitosan (D.A. 15.4z) in 100 mM sodium acetate buŠer (pH 5.5) and 200 ml of enzyme solution. The reactions were done at 379 C in the viscometer, and the viscosity of each mixture was measured at appropriate intervals.
EŠects of temperature and pH. For measurement of the optimum temperature, reaction mixtures were incubated at various temperatures for 30 min in acetate buŠer, pH 5.5. For measurement of thermal stability, enzyme solutions were incubated at various temperature for 1 hr, and then incubated with soluble chitosan at 379 C for 30 min. For measurement of optimum pH, enzyme solutions were incubated with soluble chitosan in various pH buŠers at 379 C for 30 min. For measurement of pH stability, enzyme solutions were incubated for 24 hr at 49 C in buŠers of various pH. After adjusting the solutions to pH 5.5 with acetate buŠer, the enzyme solutions were incubated with the substrate at 379 C for 30 min.
Substrate speciˆcity. One ml of chitosan (0.1-1z) having various degrees of acetylation or chitosan analogues was mixed with puriˆed enzyme (2.4 mU) and incubated at 379 C for 30 min. The reducing sugars liberated were measured by a modiˆcation of Schale's method. 24) EŠects of metal ions. Chitosanases were incubated with 1 or 10 mM metal ions dissolved in the buŠer and the activities were assayed under standard conditions at the optimum pH and temperature.
Modiˆcation of amino acid residues. The amino acid residues or functional groups were modiˆed by incubating the puriˆed enzyme (2.9 mU) with suitable modifying reagents at 259 C in the respective buŠers according to the procedures. 25) After the end of the reaction, residual enzyme activity was measured as described above.
Analytical methods. Protein contents were measured with a Bradford assay kit (Bio-Rad), using bovine serum albumin as the standard. The purity of the enzyme was measured by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) according to the method of Laemmli.
26) Active staining of the enzyme in 10z polyacrylamide gel containing 0.01z soluble chitosan was done by the method of Trudel and Asselin.
27) The N-terminal sequence of the puriˆed protein was analyzed by Edman degradation with an Applied Biosystems 476A protein sequencer (Foster City, U.S.A.). For product analysis of enzymatic hydrolysis, each reaction mixture (50 ml) contained substrate (100 mg for chitooligomers and 250 mg for chitosan) in 10 mM sodium acetate buŠer (pH 5.5), and 1.2 mU of puried chitosanase. In the case of crude enzyme, the reaction mixture contained 1 ml of 1z soluble chitosan and 20 ml of culture supernatant. After incubation at 379 C for 10-30 minutes, the reaction was stopped by immersing the reaction tube in boiling water for 3 min. The reaction products were analyzed by thin-layer chromatography with Merck TLC silica gel G-25. After developing in n-propanol: ethylacetate: ammonia solution: water (6:3:3:1, v W v), amino sugars were detected by the ninhydrin reaction. The products of enzymatic hydrolysis were also analyzed by high performance liquid chromatography (HPLC) with an RI detector, as previously reported.
2)
Chemicals. Chitosan with various D.A. was purchased from Taehoon Bio (Seoul, Korea). Chitooligosaccharides, (GlcN)n (n＝2-7), were from Wako Chemicals (Osaka, Japan). Soluble chitosan was prepared by the method of Izume and Ohtakara.
28) The other chemicals used were all reagent grade. 
Results
Puriˆcation of a chitosanase from Bacillus sp. P16 A chitosanase was puriˆed by a series of chromatographic procedures from stationary-phase cultures grown in the optimized medium (Table 1) . After three subsequent chromatographic steps, the enzyme was puriˆed 11.7-fold, with a 45z recovery and a speciˆc activity of 47.8 U W mg protein. It was assumed to be homogeneous as estimated from a SDS-PAGE and from N-terminal amino acid sequencing. The precipitation by addition of ammonium sulfate resulted in a drastic decrease of total enzyme activity and thus the step was omitted. The NH2-terminal sequence of the puriˆed protein was found to be A-A-K-E-M-K-P-F-F-Q-Q-V-N-Y-A-.
Molecular weight and isozymes
The molecular weight of the chitosanase was estimated to be 45 kDa by SDS-PAGE (Fig. 1) . The enzyme was eluted from Sephacryl S-300 chromatography at the position of molecular weight of 42 kDa, indicating its monomeric conformation (data not shown). Figure 1 also shows the active staining proˆle of the crude and puriˆed preparations, suggesting that the monomeric enzyme is active, homogeneous, and endochitosanolytic. Six endo-type chitosanases, two major (38 and 45 kDa) and four additional (54, 65, 82, and 96 kDa), were found in the crude preparation (Fig. 1B) . The activity bands were seen in both cultures to which chitosan was added or not, but the intensity of the bands in the presence of chitosan was stronger than that in the absence of chitosan (data not shown). Among them, the 45 kDa endochitosanase was puriˆed for further study.
EŠects of pH and temperature on activity The puriˆed P16 chitosanase had an optimum pH proˆle at pH 5.5 (Fig. 2) . A sharp drop in activity was observed at pH values higher or lower than 5.5. The enzyme was stable in a pH range of 5.0 to 10.0 for at least 1 hr at 379 C. The optimum temperature for a 30-min reaction at pH 5.5 was 609 C, with a temperature stability under 509 C (Fig. 3) .
EŠects of ions and inhibitors
The chitosanase was completely inactivated by Hg 2＋ and Pb 2＋ , and signiˆcantly inactivated by Cu 2＋ at 10 mM concentration. It was also slightly inactivated by Ag ＋ and Sn 2＋ . Exceptionally, the enzyme was slightly activated by K ＋ . The enzyme was signiˆcantly inhibited when incubated with amino acid modiˆers, such as 2-hydroxy-5-nitrobenzylbromide, bromosuccinimide, and chloramine T at 1.0 mM concentration. p-Chloromercuribenzoic acid did not aŠect the enzyme. Glucosamine slightly inhibited the enzyme action.
EŠects of solvents and salts
The chitosanase was relatively stable in DMSO, methanol, and ethanol, at the concentration of 30z at 379 C for 30 min. But it was very susceptible to acetone, a water-soluble solvent, in which only 4z of initial activity was observed after incubation even at 10z concentration (Fig. 4) . The water-immiscible solvents, n-butanol and ethylacetate, also rapidly denatured the enzyme, resulting in little residual activities. High concentration of salts such as KCl, NaCl, and (NH4)2SO4 in the reaction mixture slightly decreased the enzyme activity.
Substrate speciˆcity
The enzyme was speciˆc for soluble chitosan and glycol chitosan. Soluble chitosan was more rapidly hydrolyzed than glycol chitosan. The chitosanase also showed a hydrolysis activity for carboxymethylcellulose (CMC) but much lower (5.2z) compared to that for soluble chitosan. No hydrolysis of chitin (powder, colloidal, swollen, regenerated, glycol, and carboxymethyl), amylose, amylopectin, curdlan, cyclodextrin, laminarin, levan, alternan, dextran T40, pullulan, lichenan, p-nitrophenyl-b-Dglucosaminide, or p-nitrophenyl-N-acetyl-b-Dglucosaminide was observed. The relationship between enzyme activity and the D.A. of the chitosan substrate was tested on a series of chitosans (Fig. 5 ). 
Kinetic parameters
The puriˆed enzyme (5.8 mU) was incubated with various concentrations of soluble chitosan (D.A. 20.2z) for 15 min at 379 C and a Lineweaver-Burk plot was constructed. Kinetic parameters were measured as follows; Vmax of 7.71×10 -6 mol W sec W mg protein, Km of 0.52 mg W ml, kcat of 3.4×10 2 sec -1 , and kcat W Km of 6.5×10 2 ml W mg W sec.
Reaction products
The chitosanase extensively reduced the viscosity of a solution of chitosan at an early stage of the reac- The puriˆed enzyme was added to each oligomer (10 mg W ml) dissolved in 50 mM acetate buŠer (pH 5.5). After incubation at 379 C for 24 hr, samples were chromatographed as in Materials and Methods. Lanes 1, mixture of authentic glucosamine oligomers (GlcN) 1-7 ; 2-7, products from dimer to heptamer, respectively.
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Bacillus sp. P16 Chitosanase tion, while production of reducing sugar was very limited (Fig. 6) . The rate of viscosity reduction was slower down upon time elapse while production of reducing sugar was proportional to time passed after lag phase. These results indicate that the P16 chitosanase cleaves the polymeric chitosan chains in the endo-splitting manner.
Chitobiose, chitotriose, and chitotetraose were not degraded by the enzyme even after prolonged reactions (Fig. 7) . The smallest size of substrates which the P16 chitosanase could recognize andˆt for hydrolytical cleavage was the pentamer. The pentamer was cleaved to dimer and trimer. Hexamer was degraded to dimer, trimer (major), and tetramer, and heptamer to (GlcN)n (n＝2-5) (trimer and tetramer, major), indicating the endo-splitting manner of the P16 chitosanase. Monomer was never detected in the enzyme reaction for the chitooligosaccharides. The substrates (trimer and tetramer) were contaminated by an unknown compound, which was detected in the position of oligomers larger than the substrates.
To measure the rate constants for (GlcN) n (n＝ 5-7), reaction mixtures containing 10 mg W ml chitooligosaccharides and 5.8 mU of enzyme in 0.1 M sodium acetate buŠer (pH 5.5) were incubated at 379 C, the residual amount of the substrate was measured using HPLC, and kinetic plots were constructed. The concentration of the substrate decreased exponentially with time, indicative of aˆrst-order reaction. Furthermore, a plot of -ln [residual (GlcN)n] versus the reaction time was linear. The apparentˆrst order rate constant was found to be k 1 ＝5.0×10 -4 sec -1 for heptamer. The constant for heptamer was 2.1 and 53.4 times higher than that for hexamer and pentamer, respectively, indicating that the rate constants decreased with a decrease in the substrate size from (GlcN)7 to (GlcN)6 to (GlcN)5. No appreciable rate of degradation for smaller oligosaccharides than pentamer was detected.
Discussion
A 45 kDa chitosanase (designated P16 chitosanase) was puriˆed from the culture ‰uid of Bacillus sp. P16, and the kinetics characteristics of the enzyme were fully investigated.
The P16 chitosanase was completely blocked by mercury and lead at 10 mM. Large number of microbial chitosanases are inactivated by these heavy metal ions.
7) The chitosanases from Bacillus sp. PI-7S, 4) Myxobacter AL-1, 29) and Streptomyces griceus 30) were sensitive to AgNO3 but the P16 chitosanase was only a little. N-Bromosuccinimide and 2-hydroxy-5-nitrobenzylbromide, the tryptophan residue modiˆers, and chloramine T, a methionine residue modiˆer, severely inhibited the enzyme activity at 1 mM, suggesting that tryptophan and methionine residues are involved in the catalytic action of the enzyme. This is theˆrst case of the inhibition of a chitosanase by chloramine T. The chitosanases from Rhodotorula gracilis CFR-1 7) and Amycolatopsis sp. CsO-2 31) were inhibited by Nbromosuccinimide. It has been suggested that two invariant carboxylic amino acid residues (e.g., Asp40 and Glu22 of Streptomyces sp. N174 chitosanase) conserved in N-terminal segments of microbial chitosanases are essential for its catalytic activity. 1, 20) Interestingly, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, a carboxylic residue modiˆer, has no eŠect on the P16 chitosanase.
The stablility of the enzyme in organic solvents or high-salt solutions is advantageous when the enzymes are used in industry. The P16 chitosanase was more stable in a water-miscible solvent than in a water-immiscible one. Addition of salts caused little deterioration of the enzyme stability even at high concentrations (Fig. 4) . Yoon et al. 20) reported a thermostable and solvent-stable chitosanase from Bacillus sp. The solvents or salts in the hydrolysis reaction mixtures aŠect the a‹nity of enzyme for substrates and the action mode of enzymes on substrates through alteration of water activity. This may also aŠect the oligosaccharide distribution produced from the enzymatic hydrolysis of chitosan, which deserves further studies. Nanjo et al. 32) regulated transglycosylation of a chitinase from Nocardia orientalis by addition of ammonium sulfate, resulting in synthesis of a su‹cient amount of (GlcNAc)6 from (GlcNAc)4.
The puriˆed chitosanase catalyzed an endo-type of cleavage reaction, as judged from the rapid reductions in the viscosity of chitosan solutions but the lagphase production of reducing sugars (Fig. 6) . Thê nal products from chitosan after a prolonged reaction with the puriˆed enzyme were a mixture of chitooligosaccharides, (GlcN)2-7, suggesting an endotype glycohydrolase. No glucosamine has been detected from the reaction mixtures. The enzyme retained no activity of b-N-acetylhexosaminidase, supporting no glucosamine production. The P16 chitosanase didn't show transglycosylation activity, even with a higher concentration of chitooligosaccharides (GlcN)2-7 in the presence or absence of various salts, such as ammonium sulfate. It has been reported that a chitosanase from Aspergillus fumigatus KH-94 33) showed transglycosylation activity. The P16 chitosanase hydolyzed chitopentaose into (GlcN)2-3, chitohexaose into (GlcN)2-4, and chitoheptaose into (GlcN) [2] [3] [4] [5] , in an endo-splitting manner. The degradation rates are diŠerent, decreasing concomitantly with a decrease in substrate size from (GlcN)7 to (GlcN)6 to (GlcN)5. The rate constants of the enzyme (k1) for the substrates also decreased from (GlcN) 7 to (GlcN) 6 to (GlcN) 5 . To date, this is theˆrst report on the rate constants of a chitosanase. The minimum size which can be cleaved by the P16 enzyme is a pentamer. The chitosanase from B. gladioli CHB101 could not hydrolyze (GlcN)2-4 but could (GlcN) 5 .
21) The bifunctional chitosanase-cellulase from Myxobacter sp. AL-1 degraded only the six-unit or larger chitosan oligomers. 34) It has been known that the shortest oligomer to be attacked is the tetramer for most microbial endochitosanases. 35) The enzyme degraded 0-60z acetylated chitosan, even with highest activity toward D.A. 15-30z chitosan, but with little activity on chitin (D.A. of 97.6z) (Fig. 5) . Most chitosanases from diŠerent microbes e‹ciently degraded 10-65z acetylated chitosan. 5, 7) The chitosanases from Bacillus sp. 7-M, 28) and Amycolatopsis sp. CsO-2 31) degraded 0z acetylated chitosan most eŠectively. Interestingly, two of 3 chitosanases puriˆed from B. megaterium P1 36) showed similar activity toward both chitin and chitosan. The P16 enzyme showed only 60z of maximum activity toward D.A. 0-10z chitosan. This means that the P16 chitosanase has speciˆcity to the linkages of GlcN-GlcN and GlcNAc-GlcN and W or GlcN-GlcNAc, and the N-acetylglucosamine residues are important in the recognition and reaction mechanism of the substrate by the enzyme. 3, 15) According to the glycosyl hydrolases classiˆcation based on the amino acid sequence similarity proposed by Henrissat et al., 37) chitosanases from B. circulans MH-K1, 12) Nocardioides sp. N106, 13) Streptomyces sp. N174, 14) B. subtilis, 18) and B. pumilus BN-262 38) have been classiˆed into family 46, and those from B. circulans WL-12, 15) Bacillus sp. 928, 39) and Bacillus sp. 7-M 40) into family 8. Based on the following characteristics, P16 chitosanase was assumed to belong to family 8. First, the N-terminal amino acid sequence of P16 chitosanase, AAKEMKPFFQQVNYA-, was very similar (only one diŠerent out of 15 residues) to those of B. circulans WL-12, 15) Bacillus sp. 928, 39) and Bacillus sp. 7-M. 40) Second, P16 chitosanase showed substantial CMCase activity, which is a criterion for family 8. 39) Third, the enzyme split both GlcN-GlcN and GlcNGlcNAc and W or GlcNAc-GlcN linkages in the endowise manner. Chitosanases are again subclassiˆed according to their speciˆcity for the hydrolysis of the b-glycosidic linkages in partially N-acetylated chitosan. 1, 38) Subclass II chitosanases cleave only GlcN-GlcN, and subclass III chitosanases cleave GlcNGlcN and GlcN-GlcNAc. Subclass I chitosanases cleave GlcN-GlcN and GlcNAc-GlcN and have no activity on CM-cellulose. 39) The P16 chitosanase retains CM-cellulase activity, similar to subclass III chitosanases from B. circulans WL-12.
15) The enzyme showed highest activity toward D.A. 15-30z chitosan, but little activity on chitin (D.A. of 97.6z). Thus, it can be suggested that the puriˆed 45 kDa chitosanase from Bacillus sp. P16 belongs to family 8 and subclass III, even though more information is needed on the composition and sequences of sugar units in the enzymatic hydolysis products of partially N-acetylated chitosan.
